Ubiquitin (Ub) and Ub-like proteins, collectively forming the ubiquiton family, regulate nearly all aspects of cellular processes via post-translational modifications. Studies devoted to specific members suggested a large expansion of this family in plants; however, a lack of systematic analysis hinders the comparison of individual members at both evolutionary history and functional divergence levels, which may provide new insight into biological functions. In this work, we first retrieved a total of 5856 members of 17 known ubiquiton subfamilies in 50 plant genomes by searching both prior annotations and missing loci in each genome. We then applied this list to analyze the duplication history of major ubiquiton subfamilies in plants. We show that autophagy-related protein 8 (ATG8), membrane-anchored Ub-fold (MUB), small Ub-like modifier (SUMO) and Ub loci encode 88% of the plant ubiquiton family. Although whole genome duplications (WGDs) significantly expanded the family, we discovered contrasting duplication patterns both in species and in subfamilies. Within the family, the ATG8 and MUB members were primarily duplicated through WGDs, whereas a significant number of Ub and SUMO loci were generated through retroposition and tandem duplications, respectively. Although Ub coding regions are highly conserved in plants, promoter activity analysis demonstrated lineage-specific expression patterns of polyUb genes in Oryza sativa (rice) and Arabidopsis, confirming their retroposition origin. Based on the theory of dosage balance constraints, our study suggests that ubiquiton members duplicated through WGDs play crucial roles in plants, and that the regulatory pathways involving ATG8 and MUB are more conserved than those controlled by Ub and SUMO.
INTRODUCTION
Post-translational modifications (PTMs) can dramatically increase the complexity of an organism by expanding both the depth and breadth of its proteome in an exponential manner (Kerscher et al., 2006) . In eukaryotic organisms, one particular type of PTM is mediated by small peptide modifiers, which provide even greater versatility and flexibility for the proteome than other small chemicals such as phosphate, methyl and acetyl groups (Grabbe and Dikic, 2009 ). The amino acid sequence information residing in these small protein modifiers generates a large capacity of biological information for regulating complex life systems.
As the founding member of the small protein modifiers, ubiquitin (Ub), which is composed of 76 amino acids, was discovered in the 1980s, the post-genomic era has shed much light on the complexity of the Ub and Ub-like (UBL) PTMs. To date, as many as 12 UBL proteins have been discovered to use a similar E1-activating, E2-conjugating and E3-ligating enzymatic cascade reaction system for PTMs (Welchman et al., 2005; Hochstrasser, 2009; Vierstra, 2012) . Although sequence comparisons revealed low similarities, Ub and UBLs do share the same three-dimensional core structure, called the beta-grasp fold or Ub fold. Thus, the Ubs and UBLs are collectively termed the ubiquiton superfamily (Welchman et al., 2005) .
Phylogenetic studies have demonstrated that individual ubiquiton subfamilies have undergone significant expansion in the plant kingdom. For example, in Arabidopsis thaliana (Ath), 14 Ubs, three related to UB1s (RUB1s), six or eight small Ub-related modifiers (SUMOs), nine autophagy-related protein 8s (ATG8s) and six membraneanchored Ub-folds (MUBs) have been annotated (Callis et al., 1995; Rao-Naik et al., 1998; Doelling et al., 2002; Kurepa et al., 2003; Lois et al., 2003; Dowil et al., 2011; Hammoudi et al., 2016) . Thanks to the numerous plant genome sequencing projects, recent genomic studies of individual ubiquiton subfamilies have also extended into non-model plants or even to the entire plant kingdom, which revealed a much more complicated evolutionary history of ubiquiton genes in plants. For example, using reciprocal BLASTp searches, a total of 144 SUMO members have been identified in 28 plant genomes (Augustine et al., 2016) . Through phylogenetic and sequence comparison, the authors divided plant SUMO proteins into canonical and non-canonical isoforms. They further isolated a variant group, called diSUMO, which is specific to Poaceae species, where the proteins contain two beta-grasp fold modules (Augustine et al., 2016) . As the authors' primary goal was to define the SUMO system in Zea mays (maize), they did not address how SUMO members were duplicated and evolved in plants; however, their data provided an important insight suggesting that the ubiquiton modifiers could have dramatically expanded and diverged since their emergence in plants. Using a similar BLASTp search approach, Hammoudi et al. found 153 SUMO members in 48 plant genomes (Hammoudi et al., 2016) . In this work, the authors focused on understanding how the SUMO subfamily was expanded in flowering plants, particularly in Brassicaceae. Through comparison of syntenic gene pairs available at the Plant Genome Duplication Database (PGDD, http://chib ba.agtec.uga.edu/duplication/) (Lee et al., 2017) , the authors concluded that whole genome duplications (WGDs) followed by tandem duplications led the ancient SUMOs to diversify in angiosperms (Hammoudi et al., 2016) .
The structural conservation between Ub and UBL proteins has led to postulations that different ubiquiton PTMs have a common ancestry (Hochstrasser, 2009) . If this is true, when did this ancestral system emerge and what did it look like? Evolutionary studies of individual ubiquiton subfamilies cannot provide such a global picture. To tackle this question, a recent study compared nearly all components of the Ub, SUMO and Ub-fold modifier 1 (Ufm1) systems in 78 eukaryotic genomes, including seven land plants and seven algae. Based on the counts of genes encoding the members of the E1s, E2s, E3s and peptidases responsible for removing conjugated Ub, SUMO and Ufm1 moieties in each genome, the authors discovered that the ubiquiton toolkit was already complex in the last eukaryotic common ancestor (Grau-Bove et al., 2015) . The authors did not address how this ancestral system further evolved and diversified into the modern system, particularly the one in the current plant kingdom, however, although their data did show that land plants had the largest Ub and SUMO systems in all of the eukaryotes compared.
In this work, we aim to address three questions: (i) what is the full set of ubiquiton members in plants; (ii) how did the ubiquiton system expand in different plant lineages; and (iii) how did gene duplications influence functional diversification in ubiquiton subfamilies? None of the previous studies have carefully examined the full ubiquiton system in plants. Moreover, all previous studies identified the members of each ubiquiton subfamily based only on the prior annotations available in each genome project, which could cause a potential bias from the differing quality of annotation Novatchkova et al., 2012) . In order to provide a complete and comprehensive picture, we applied 18 181 seed sequences available at Pfam 27.0 (http://pfam.xfam.org; Finn et al., 2016) for 17 known ubiquiton domains, including ATG8, Rad60-SLD_2, Rad60-SLD and Ub, which are the domain features for the ATG8, MUB, SUMO and Ub subfamilies, respectively. Through both BLASTp search and de novo sequence-similaritybased re-annotation using our previously developed closing targeting trimming (CTT) algorithm , we searched all 17 ubiquiton subfamily members in 50 plant genomes available as of 5 May 2015 in Phytozome 10.2, ranging from five algae and three basal land plants to 10 monocotyle and 32 eudicotyle plants. Based on this comprehensive dataset, we systematically analyzed the duplication histories of ubiquiton superfamilies, and provided new insight into conserved and diversifying functions of ubiquiton members in regulating plant growth and development.
RESULTS

Genome duplications significantly expanded the size of the ubiquiton gene family
To identify a comprehensive list of ubiquiton genes across 50 sequenced plant genomes ( Figure S1 ; Table S1) , not only did we analyze the protein sequences that have been previously annotated, but we further examined each genome sequence for new putative loci using the CTT algorithm . In comparison, we applied the same e-value cut-off (≤1) for predicting all ubiquiton genes. We believe that this value did not artificially mix any unrelated sequences based on our annotation for the ATG8 and MUB subfamilies. For example, we detected exactly the same set of ATG8 and MUB genes in Ath as previously reported (Appendix S1; Table S2 ; Doelling et al., 2002; Dowil et al., 2011) . Comparing 386 ATG8 loci identified in 58 plant genomes (Kellner et al., 2017) with the 440 ATG8 members in our study (Table S2) by Kolmogorov-Smirnov test, we did not detect any significant bias either, further confirming the effectiveness of this e-value cut-off for the genomic comparison of ubiquiton subfamilies.
In total, we defined 5856 unique ubiquiton genes, 594 of which were new, with as few as 25 in Ostreococcus lucimarinus (Olu) up to a high of 350 in Triticum aestivum (Tae) (Appendixes S1-S3; Figure 1a ; Table S2 ). The expansion of the ubiquiton gene family in plants showed a significant correlation with the genome size ( Figure S2a , Spearman's correlation test, q = 0.55, P = 3.1E-5). It is worthy of mention that Genlisea aurea (Gau) has the smallest ubiquiton family among all of the 45 land plants compared. More interestingly, it has only one SUMO gene and one MUB gene (Table S2) , which may serve as a novel and simple system to study the functions of SUMO/MUBmediated PTMs in plant growth and development.
Counting the number of loci in each subfamily, we discovered that the Ub subfamily dominates the plant ubiquiton family, with~10 times more members than the SUMO and the ATG8 subfamilies ( Figure 1b) . Similar to the previous study of core gene families in 37 angiosperm genomes (Li et al., 2016) , we detected that the ubiquiton genes could be clustered into three groups based on their copy-number profiles in 50 plant genomes. Whereas Ub, ATG8, SUMO and MUB members constitute four major multi-copy ubiquiton subfamilies, Ub-2, Ub-3, Ufm1, Urm1, UAE-Ubl and APG12 loci compose a second group of subfamilies with low copy numbers in the majority of plant genomes (Figures 1c and S3 ). In the third group, however, only low or single copy ubiquiton genes were found in a few plant species, indicative of their lineage-specific or non-essential roles in plants ( Figure S3 ). In agreement with the regulatory roles of multi-copy core genes in angiosperms, we discovered that the number of ATG8, MUB, SUMO and Ub genes is significantly correlated with genome size (Figure S2b) , and the size of these four subfamilies across 50 plant genomes resulted in one cluster with strong pairwise correlations (Figure 1d ). Altogether, our comprehensive annotation suggests that genome duplication plays an important role in expanding the core ubiquiton genes in plants.
Differential birth-and-death evolution of plant ubiquiton genes Although in general the expansion of the ubiquiton gene family occurs in concert with the increase in genome size, plants with large genomes do not necessarily contain a large ubiquiton family. For example, Z. mays (Zma) has the largest genome but only has a medium size of the ubiquiton gene family; Malus domestica (Mdo) and Tae have a genome half the size of the Panicum virgatum (Pvi) genome, but share an equal or larger sized ubiquiton gene family than Pvi, respectively, suggesting that the birth and death rates of ubiquiton genes in plant genomes are unequal. Based on the size distribution of 17 ubiquiton subfamilies, we divided 50 plants into four groups that contain low, intermediate, high and extremely high numbers of ubiquiton genes (Figures 1c and S3 ). Interestingly, none of the six selected diploid Poaceae genomes contain a high or extremely high number of ubiquiton genes that are presented in many eudicotyle plants, suggesting that Poaceae and eudicotyle ubiquiton genes have experienced different birth-and-death events, reflecting functional diversifications of ubiquition genes in these two big lineages.
To explore the functional groups of ubiquiton genes in plants, we used the OrthoMCL algorithm to separate the ubiquiton genes into 375 OrthoMCL groups, each containing a group of genes with high protein sequence similarities indicative of close/similar biological functions (Li et al., 2003) . According to the number of ubiquiton paralogs in each species within an OrthoMCL group, four subgroups emerge at different conservation levels (Figure 2) . Group 1 is present in 45-50 green plant species, including five algal species analyzed, with 18 OrthoMCL groups. Group 2 contains 20 OrthoMCL groups that are more specific to land plants but have experienced rapid extinction in algal species. Group 3 has 26 OrthoMCL groups that are common to most eudicot and basal land plants, but are significantly depleted in algae and monocotyle plants (Fisher's exact test, P = 6.9E-4 and 2.8E-7, respectively), suggesting a significant death of ubiquiton genes in monocotyle plants, thereby reducing the size of the Poaceae ubiquiton family (Figure 1c ). Group 4 seems to arise from recent lineage/species-specific duplications, and is composed of 229 OrthoMCL groups that are only present in very few or even single species (designated as the stochastic group hereafter), plus 35 and 47 OrthoMCL groups that are clustered in Brassicaceae and Poaceae, respectively.
As ATG8, MUB, SUMO and Ub genes constitute 88% of ubiquiton members in plants (Figure 1 ), we next asked how they were distributed in 375 OrthoMCL groups. Consistent with the large size of OrthoMCL groups in the stochastic group, ATG8, MUB, SUMO and Ub genes are significantly diversified in this group, with 24, 10, 26 and 162 OrthoMCL groups, respectively (Figures 3a and S4) . Similarly, such lineage-specific duplication events also yielded the second largest variation of ATG8 and Ub genes in Brassicaceae (four and 31 OrthoMCL groups, respectively), whereas the second largest variation of MUB genes (three OrthoMCL groups) is present in land plants, and variations in SUMO genes (six OrthoMCL groups) are equally present in Brassicaceae and Poaceae species (Figures 3a and S4) . Collectively, we concluded that these four major ubiquiton subfamilies had experienced different duplication histories.
To look for which ubiquiton genes may have evolved together, we analyzed the expansion of ATG8, MUB, SUMO and Ub members at six different conservation levels defined by the OrthoMCL group clustering analysis (Figures 2, 3a and S4). Because the size of the Ub subfamily is extremely large and diversified ( Figure S5 ), and because the number of Ub domains in the members of the Ub subfamily varies dramatically, we further divided the Ub subfamily into Ub1, Ub2, Ub3, Ub4 and Ub5, each containing 1, 2, 3, 4 and 5 or more Ub domains, respectively. Similar to the distribution of OrthoMCL groups, the members of all eight subfamilies are relatively enriched (but not the most) in the stochastic group, reflecting the role of recent gene duplication in expanding the size of the ubiquiton family. The largest group of each subfamily has evolved through multiple ancient gene duplication events, however, which generated different sizes of the ubiquiton subfamilies at different conservation levels ( Figure 3b ). For example, 28% of ATG8 and 32% of SUMO genes are enriched in all green plants, whereas 76% of MUB loci were duplicated after land plants emerged. Even for the five Ub subfamilies, they also prevailed in plants at different evolutionary stages. Whereas Ub1, Ub4 and Ub5 emerged early in all green plants (38, 63 and 90%, respectively), 62% of Ub2 appeared in land plants, followed by 40% of Ub3 in eudicotyle and basal land plants (Figure 3b) . This variance of expansion history allowed us to cluster eight ubiquiton subfamilies into three clusters (Figure 3c) . Although the first group comprising Ub4, Ub5 and SUMO genes shared a similar expansion history, Ub1 Figure 2 . The clustering of 375 OrthoMCL groups reflected six major clusters of plant ubiquiton genes at different conservation levels: 'Green Plants' are common to 45-50 plant species; 'Land Plants I' indicates a significant depletion of algal ubiquiton genes; 'Land Plants II' lack algal and monocotyle ubiquiton genes; 'Brassicaceae' and 'Poaceae' are two lineage-specific ubiquiton groups; 'Stochastic' points to a number of species-specific ubiquiton groups. Upper panel: clustering analysis using HEATMAP 2 based on the number of inparalogs ('recent' paralogs) (Li et al., 2003) in each species. Lower panel: the size of ubiquiton genes with two or more homologs in each of 50 plant genomes. The clustering of the different groups of plants is based on the column HCLUST analysis of the upper panel.
evolved more similarly with ATG8. Interestingly, the third group, which contains Ub2, Ub3 and MUB genes, expanded completely differently to the first group, further reflecting the differential expansion histories of ubiquiton subfamilies (Figure 3b and c).
Whole genome duplication played a predominant role in the expansion of the ubiquiton family
The expansion of a gene family can arise from different modes of duplication events that include small-scale duplications (SSDs) and large-scale WGDs, with WGDs particularly common in flowering plants ( Van de Peer et al., 2009; Wood et al., 2009; Vanneste et al., 2014) . Because 23 out of 50 plant species studied in this work have up-to-date data for intergenomic syntenic block pairs at the PGDD (Lee et al., 2017) , and because ATG8, MUB, SUMO and Ub genes constitute 88% of the plant ubiquiton genes, we focused on the duplication of these four subfamilies in these 23 plants (2166 loci in total; Data S2, S3). According to the literature (Vanneste et al., 2014; Li et al., 2016) , we defined 18 WGD events among these plant species, which can be further divided into four groups: (i) three ancient duplications that happened when angiosperm, monocotyle and eudicotyle species emerged; (ii) eight Cretaceous-Paleogene (K-Pg) boundary duplications, a clustering of WGD events occuring at~50-70 million years ago; (iii) three recent lineage-specific WGD events that are specific to Brassica rapa (Bra), Gossypium raimondii (Gma) and Zma; and (iv) four WGD events with unclear ages (Table S3 ). In addition to WGD events, we counted all remaining ubiquiton genes as having arisen from either tandem duplications or unknown duplication events. By retrieving intergenomic syntenic gene pairs, we found that 78% of ubiquiton genes could be attributed to WGD products, suggesting that WGD events played a predominant role in the expansion of the ubiquiton family ( Figure S6a) . Consistent with the duplication history, the K s values of ancient WGD ubiquiton genes are significantly higher than the average K s value of the entire ubiquiton gene family, whereas K-Pg and recent WGD-originated ubiquiton genes have significantly lower K s values ( Figure S6b , P < 0.01, Wilcoxon rank sum test with Bonferroni multiple-testing correction). Interestingly, the ubiquiton genes that arose from neither WGD events nor tandem duplications also have a significantly higher K s value than the average of the entire family (Figure S6b, P < 0.01, Wilcoxon rank sum test with Bonferroni multiple-testing correction), suggesting that those genes Number distribution of each subfamily in six major plant groups, as listed in (a), resulting in three clusters of subfamilies with similar expansion histories. The Ub subfamily was further divided into Ub1, Ub2, Ub3, Ub4 and Ub5 subfamilies, each encoding 1, 2, 3, 4 and ≥5 Ub domains, respectively. (c) Size expansion correlation analysis showed the differential duplication histories of ubiquiton subfamilies.
may have emerged early in plants. In agreement with the general high evolutionary constraints of WGD genes (Li et al., 2016) , we found that only tandemly duplicated genes had significant higher K a /K s values than the average of the family ( Figure S6c , P < 0.01, Wilcoxon rank sum test with Bonferroni multiple-testing correction).
Not surprisingly, the number of WGD ubiquiton genes correlates extremely well with the size of the ubiquiton gene family in each plant genome (Figure 4a , Spearman's rank correlation test, q = 0.96, P = 7.1E-13). We further analyzed the contribution of ancient, K-Pg boundrary and recent WGDs to the size of the ubiquiton gene families in 23 plants. Surprisingly, we detected that ancient WGD events played a mild but statistically significant role in reducing the size of the ubiquiton gene family in plants (Figure 4b , q = -0.46, P = 0.03), suggesting that ancient WGDs might have given rise to most, if not all, essential ubiquiton genes in plants, and that the retention rates of ubiquiton genes varied in different plant lineages. Consistently, all seven species with no clear K-Pg and recent WGD events have significantly higher retention rates of ancient WGDs (with a mean of 76%) than the remaining species (with a mean of 28%) ( Figure S7 , P = 4.1E-6, Wilcoxon rank sum test). We also detected that 28 and 12% of ubiquiton genes arose from K-Pg and recent WGD events, respectively ( Figure S6) ; however, K-Pg WGD events do not show a clear connection to the expansion of the ubiquiton gene family in plants (Figure 4c ), suggesting that the ubiquiton genes in these species were duplicated through multiple mechanisms. Further supporting this finding, recent WGD events positively contributed to the size expansion of the ubiquiton gene family in Zma, Bra and Gma (Figure 4d ).
Ubiquiton subfamilies arose from different duplication mechanisms
In addition to the different roles of three types of WGD events, we detected that tandem duplications positively contributed to the expansion of the ubiquiton gene family in plants ( Figure S8 ). To understand the contributions of these four types of duplication events to the differential expansion of four major ubiquiton subfamilies in plants, we analyzed the proportions of ATG8, MUB, SUMO and Ub genes that were generated by each duplication mechanism. We further calculated the distribution of K s and K a /K s values of ubiquiton genes in each category to compare their relative ages and evolutionary constraints, respectively.
Consistent with the age of four duplication events (Figure S6b) , we first detected that the ubiquiton genes specific to Brassicaceae, Poaceae or those stochastically distributed in a few species were significantly under-represented in the group that arose from ancient WGD events and over-represented in the group originating from tandem duplications (Figure 5a , P < 0.05, Fisher's exact test with Bonferroni multiple-testing correction), resulting in the two categories of ubiquiton genes that differ in duplication mechanisms ( Figure S9a ). The Poaceae-specific ubiquiton genes might have emerged earlier in history, however, and experienced higher evolutionary constraints than those specific to Brassicaceae, given that the former group has higher K s and lower K a /K s values, respectively, than the latter group. In agreement with this finding, the Brassicaceae-specific ubiquiton genes behave similarly to those that arose stochastically, which have significantly lower K s and higher K a /K s values than the average of all ubiquiton genes (Figure 5b ). This suggests that young ubiquiton genes may evolve to contribute to lineage-specific adaptions through more rapid birth-and-death mechanisms, such as tandem duplications.
We then compared the differential duplication mechanisms among the ATG8, MUB, SUMO and Ub subfamilies. Whereas in general~30 and 40% of ubiquiton genes arose from K-Pg and ancient WGD events, respectively, ATG8 and SUMO genes are significantly under-represented and over-represented, respectively, in the group yielded by tandem duplications (Figure 5c , P < 0.05, Fisher's exact test with Bonferroni multiple-testing correction), suggesting that the ubiquiton subfamilies have been expanded through different duplication mechanisms in plants, although they have been hypothesized to share one common ancestor (Hochstrasser, 2009) . Consistently, we noticed that the K s values of MUB genes were significantly lower than the average of the entire ubiquiton family, further suggesting that the MUB subfamily evolved later than the other three subfamilies (Figures 3b and 5d) . Surprisingly, we discovered that the ATG8 members evolved under more stringent evolutionary constraints than the average, whereas a significantly higher proportion of Ub members than the average evolved under either relaxed or positive selections (Figure 5d ).
To understand which Ub genes evolved under relaxed or positive selections, and how they were duplicated differently, we compared the duplication mechanisms and evolutionary constraints in five Ub subfamilies. We did not find any bias of known WGD or tandem duplication mechanisms among these five subfamilies by comparing them with the entire ubiquiton family (Figure 5e ). To further dissect the variance of duplication mechanisms among different Ub subfamilies, we clustered them with ATG8, MUB and SUMO subfamilies, based on the proportion of each subfamily that was derived from ancient, K-Pg and recent WGD events, tandem duplications or from other yet unknown mechanisms. Three major clusters emerged from this comparison. Although Ub1s and Ub2s shared similar duplication histories with MUBs and ATG8s, Ub3 and Ub4 subfamilies had expanded more similarly to the SUMO subfamily. The Ub5 subfamily, which contains five or more Ub domains, evolved in a unique manner, however (Figures S9b and S10) . Evolutionary constraint analysis also revealed a unique feature of the Ub5 subfamily, which showed higher K s and K a /K s values than the average of all ubiquiton genes (Figure 5f ), suggesting that many members in this subfamily are ancient and some might have undergone relaxed or positive selection. In addition, we also detected high K s values in the Ub4 and high K a /K s values in the Ub1 subfamilies (Figure 5f ), further suggesting that the ubiquiton genes, even within the Ub subfamily, have evolved differentially and diversified since their most recent common ancestor.
Role of retroposition in the expansion of polyUb genes
To understand how the polyUb genes arose as head-to-tail fusions (Callis et al., 1995; Nei and Rooney, 2005) , and to explain why the Ub5 subfamily differed to the other Ub subfamilies in gene duplications ( Figures S9b and S10) , we wondered whether retroposition, an RNA-based gene duplication mechanism (Brosius, 2003; Kaessmann et al., 2009) , might be involved as one of the unknown duplication mechanisms. As the first hallmark of a retroposed gene is a lack of introns, we compared the intron numbers of each ubiquiton coding region. Interestingly, >97% of ATG8, >93% of MUB and >78% of SUMO genes contain two or more introns, whereas only 58% of Ub genes Figure 5 . Dissecting the contribution of ancient and recent duplication mechanisms to the expansion of the ATG8, MUB, SUMO and Ub subfamilies in plants.
(a) Contribution of differential duplication events to the expansion of the ubiquiton genes at six different conservation levels, as defined in Figure 2 . Duplication events are separated as 'ancient', Cretaceous-Paleogene boundary 'K-Pg' and 'recent' WGDs, and tandem duplications. 'All' indicates the full set of four subfamilies. Red and cyan stars denote statistically significant over-and under-representation, respectively, of duplicates of a specific group derived from a designated duplication event, compared with those of the full set from the same duplication event by Fisher's exact test with Bonferroni multiple-testing correction. (b) Comparison of K s and K a /K s values between an indicated specific group and the full set of four subfamilies indicative of the relative ages and evolutionary constraints, respectively, of the group. Red and cyan triangles denote the values (K s or K a /K s ) of the specific group that are significantly higher or lower, respectively, than those of the full set based on the Wilcoxon rank sum test with Bonferroni multiple-testing correction. (c) Enrichment comparison of four ubiquiton subfamily members with the total members that were derived from the different duplication mechanisms described in (a). (d) Comparison of K s and K a /K s values between four subfamilies and the full set, indicative of the relative ages and evolutionary constraints, respectively, of the subfamily. Statistically significant analysis is described as in (b). (e) Enrichment comparison of five Ub subfamily members with the total members as described in (a) and (c), derived from different duplication mechanisms. (f) Comparison of K s and K a /K s values between a specific Ub subfamily group and the full set, as described in (b) and (d), indicative of the relative ages and evolutionary constraints, respectively, of the Ub subfamily. belong to this group. In contrast, 23 and 19% of Ub genes are either intronless or mono-intronic, respectively, which is significantly more than the average of the total (Figure 6a , P < 0.05, Fisher's exact test with Bonferroni multiple-testing correction). We further examined this intronic difference among five Ub subfamilies. Surprisingly, the more Ub domains encoded in a Ub gene the lower the number of introns ( Figure S11 , Spearman's correlation test, q = -0.42, P < 2.2E-16), suggesting that polyUb genes were primarily derived from intronless Ub moieties. Consistent with this finding, members of the Ub3, Ub4 and Ub5 subfamilies are over-represented in intronless or mono-intronic groups, whereas Ub2 and Ub1 genes are significantly enriched in groups containing two and containing three or more introns, respectively (Figure 6b , P < 0.05, Fisher's exact test with Bonferroni multiple-testing correction). Evolutionary analysis confirmed that the polymerization process of intronless Ub4s and Ub5s or low intronic Ub5 genes pre-dated the emergence of many other Ub genes present in the current plant genomes, given their significantly higher K s values (Figure 6c , P < 0.05, Wilcoxon rank test with Bonferroni multiple-testing correction). Interestingly, Ub1 genes with two introns showed significantly higher K a /K s values than all other Ub genes, probably reflecting a role of intronization in diversifying the functions of duplicated Ub genes, as is also the case with the F-box gene superfamily (Xu et al., 2012) . We also discovered that only the Ub2 genes, in which many are Ub-RUB1 fusions, evolved under the strongest purifying selections (Figure 6d , P < 0.05, Wilcoxon rank test with Bonferroni multiple-testing correction), suggesting that NEDD8-regulated post-translational modification is conserved in plants .
Had retroposition played a role in the polymerization and/or the expansion of polyUb genes, we would expect to find other sequence hallmarks related to a retroposed gene, such as a poly(A) tract in the 3 0 downstream region and repeats of short sequences (Brosius, 2003; Kaessmann et al., 2009) . We searched for a stretch of poly(A) 5-8 sequence in a 500-bp region downstream of the stop codon for all annotated transcripts in 50 plant genomes. Intriguingly, we found a poly(A) sequence, TTTTAAAAAAAA, located at the 51st nucleotide downstream of the stop codon of Ppe_UB0065, a Ub5 gene from Prunus persica (Ppe) (Figure 7a ), which can serve as an L1 endonuclease cleavage site (TTAAAA) to further initiate the process of retropostion (Batzer and Deininger, 2002) . We also detected two nearly identical repeats (88.5% identity) flanking the poly(A) and the majority of the Ub5 coding sequence (Figure 7a ). Careful comparison further revealed that these repetitive sequences were derived from the coding sequence of a single Ub moiety, suggesting that the Ub itself may function as a short interspersed nuclear element (SINE)-like sequence to serve as templates for further retroposition, reminiscent of the role of human Alu repeats (Batzer and Deininger, 2002; Kitada et al., 2013) . Should this be true, we would expect to see more Ub genes with 3 0 downstream sequences containing a relic Ub coding sequence. Indeed, we discovered nine extra Ub genes, five of which are polyUbs, with such a sequence feature (Figure 7b ). We also investigated whether this potential retropostionderived gene duplication is unique to the Ub subfamily by searching the tandem repeats of other ubiquiton genes. We found that 17 ATG8 and 27 SUMO members are fusions of two ATG8 and two or more Rad60-SLD domains (i.e. diSUMOs, as discovered previously; Augustine et al., 2016), respectively ( Figure S12 ), suggesting that retroposition could be an efficient mechanism to expand the size and the moieties of ubiquiton genes, although more effectively in Ub genes. For example, we found that 70% of diSUMOs (19 out of 27, Data S2) are monointronic or intronless, and that a relic ATG8 intronless sequence is also present in the 500-bp 3 0 downstream region of four genes, although three of them do not encode an ATG8 nor any other ubiquitons (Figure 7c ).
Retroposition duplications resulted in lineage-specific regulation of polyUb genes
Because the insertion of a retroposed gene in a genome is often random, the identification of retroposition duplications of polyUb genes led us to hypothesize that the expression of polyUb genes is differentially regulated in plants, particularly in those that are distantly related. To test this hypothesis, we cloned the promoters of AthUBQ10 (AT4G05320) and OsaUBQ2 (LOC_Os 06 g46770), two polyUb genes with the highest expression in Ath (Norris et al., 1993) and Osa (Wang and Oard, 2003) , respectively. As the Ub proteins encoded in Arabidopsis and rice share 100% identity of amino acid sequences, we engineered a polyUb coding sequence by fusing six Ub moieties from AthUBQ11 (AT4G05050) head-to-tail, as described previously (Saracco et al., 2009) . To monitor the expression and conjugation of recombinant Ub proteins, we added 6His (H) and a tobacco etch virus protease cleavage site (T) tags at the 5 0 -end of each Ub (U) moiety for producing a fusion of (HTU) 6 (Figure 8a ). We further ligated (HTU) 6 with the two UBQ promoters and transformed the resulting Pro AthUBQ10 :(HTU) 6 and Pro OsaUBQ2 : (HTU) 6 genes into Arabidopsis. In total, we raised and analyzed 46 T 1 transformants ( Figure S13a, b) . Surprisingly, only in five out of 32 (15.6%) Pro OsaUBQ2 :(HTU) 6 transformants, contrasting with nine out of 14 (64%) Pro AthUBQ10 : (HTU) 6 transformants, did we detect strong HTU conjugation ( Figure S13c, d) . Therefore, the strengths of AthUBQ10 and OsaUBQ2 promoters are significantly different in Arabidopsis.
Analysis of HTU conjugation and total UBQ11 transcripts (derived from both endogenous and transgenic loci) in representative samples further confirmed this striking variation (Figure 8b and c) . Moreover, we detected that the plant with the highest expression of HTU among 32 Pro OsaUBQ2:(HTU)6 transformants integrated a much higher copy number of transgene than other transgenic plants analyzed (28 versus between two and six copies, respectively; Figure 8d) . Collectively, these data suggest that the OsaUBQ2 promoter is weak in Arabidopsis and that the expression of Pro OsaUBQ2 :(HTU) 6 in Arabidopsis is likely to stem from the effect of insertion position rather than the promoter activity. Such a distinct between-species difference in promoter strengths along with an exclusive conservation of coding sequences indicates the different evolutionary histories of these two regions in the polyUb gene, reminiscent of a genomic feature of retroposed genes.
DISCUSSION
In this work, we obtained the first comprehensive set of ubiquiton genes in 50 plant genomes. Using this dataset, we detected unequal contributions of several duplication mechanisms, including three WGD events, tandem duplications and retroposition, to the expansion of the ubiquiton subfamilies, which implied their various extents of functional diversities. Our analysis demonstrated that both ancient and K-Pg WGDs contributed significantly (38 and 28%, respectively) to the expansion of the plant ubiquiton family, exemplified by the ATG8, MUB, SUMO and Ub subfamilies ( Figure S6 ), suggesting that these four major plant ubiquiton subfamilies have prolonged retention rates after duplication. This evolutionary feature and the essential regulatory functions of these four subfamilies are consistent with the gene duplicability analysis of core angiosperm gene families, which showed that multicopy genes with a prolonged retention rate are involved in signaling, transport and metabolism (Li et al., 2016) . Although we did not focus on the duplication analysis of other minor ubiquiton subfamilies, their significant low copy number in each genome suggested that these ubiquiton genes are either more sensitive to dosage balance selection or are non-essential. Based on the gene ontology analysis of 9178 plant gene families, Li et al. suggested that such types of plant core gene families were likely to be involved in genome stability and organelle function (Li et al., 2016) . As Urm1 and Ufm1 genes constitute the next two big ubiquiton subfamilies in plants, and their biological and biochemical functions are as yet largely unknown (Vierstra, 2012) , it will be interesting to dissect their roles in genome stability and organelle functions. Consistent with this hypothesis, human Ufm1 has been shown to localize in the nucleus (Komatsu et al., 2004) . Certainly, the characterization of Urm1 and Ufm1 conjugated substrates will provide a clear clue regarding the functions of these two ubiquiton systems, and will probably shed new light on the evolutionary process of the ubiquiton family.
Gene duplications provided the primary source for genome innovation (Ohno, 1970) . Our discovery about the role of retroposition in both Ub moiety and locus duplications of polyUb genes further supported the previous study on the birth-and-death evolution of the Ub gene family (Nei et al., 2000) . Although polyUb genes were thought to be generated through locus duplication, followed by repeat Ub moiety deletion and duplication within the locus (Nei et al., 2000) , this cannot explain why Ub2, Ub4 and Ub5 genes are significantly over-represented in the mono-intronic Ub genes because duplications of an intronic Ub moiety would add more introns within the locus (Figure 6b ). In this work, we propose that the retroposition duplication mechanism can better explain this feature of low intron richness, and also the uneven K s values of Ub moieties within a polyUb locus, as discovered by Nei et al. (2000) , if the Ub moieties were retroposed at different time periods. In addition, this discovery also provided new insight into the species or lineage specificity of ubiquitylation pathways. As the Ub coding sequences are exclusively conserved in all eukaryotic organisms, previous studies hypothesized that Ub is constitutively expressed and does not contribute to the specificity of ubiquitylation pathways (Ivanov and Harrison, 2014) ; however, our discovery of the species-specific expression of AthUBQ10 and OsaUBQ2 (Figures 8 and S13 ) suggests that the ancient retroposition duplications of polyUb genes could result in specific ubiquitylation pathways in distantly related plants at the transcriptional level of Ub itself. Future global comparisons of ubiquitylaiton proteomes across species will further help to confirm this discovery.
EXPERIMENTAL PROCEDURES Annotation of ubiquiton genes in 50 plant genomes
In total, 18 181 seed sequences (Appendix S4) for 17 ubiquiton domains, including APG12, ATG8, Cobl, DUF2407, Multi_ubiq, Prok_Ub, Rad60-SLD, Rad60-SLD_2, ThiS-like, UAE_UbL, UbMut7C, Ub-RnfH, Ub, Ub_2, Ub_3, Ufm1 and Urm1, were retrieved from the Pfam 27.0 database (http://pfam.xfam.org; Finn et al., 2016) , and then used as queries to search for previously annotated proteins bearing at least one ubiquiton domain homologous fragment by BLASTp (E-value ≤ 1; Altschul et al., 1990) . The presence of a ubiquiton domain in each protein was further determined by searching the Pfam A database with HMMER3 (http://hmmer.org), using an E-value cut-off of ≤1. A new set of 1393 ubiquiton domain seed sequences was identified from the protein databases of 50 plant genomes ( Figure S1 ; Table S1 ). To ensure the prediction of a full list of ubiquiton genes in each genome, the two sets of ubiquiton domain seed sequences were combined and used as a query to search for new ubiquiton loci in each genome using tBLASTn (E-value ≤ 1). The longest coding sequence in each new locus was predicted using a sequence similarity-based iterative CTT annotation algorithm . In total, 5262 and 594 ubiquiton loci were uncovered from previous genome annotation projects and CTT annotations in this work, respectively, in 50 plant genomes (Appendixes S1-S3).
Orthologous group analysis
To identify individual functional groups, a total of 5856 ubiquiton protein sequences were analyzed based on their similarities using OrthoMCL (Li et al., 2003) . An inflation value of 1.5 was identified to be the best to yield a total of 375 OrthoMCL groups, where most known ubiquiton subfamilies [e.g., polyUbs, SUMO1/2, ATG8, MUB, Ufm1 and Ub Related Modifier 1 (Urm1)] were able to cluster into the same group. Based on the number of inparalogs ('recent' paralogs) (Li et al., 2003) in each species, the OrthoMCL groups were clustered using HEATMAP 2 (dist method = 'manhattan'; hclust method = 'word.D') in R (http://www.r-project.org) to demonstrate their co-evolutionary histories.
Gene structure analysis
The generic feature format (GFF3) file from each genome project was used to analyze the number of introns, chromosomal coordinates and the 500-bp 3 0 downstream region of each prior annotated ubiquiton gene. For new loci, the number of introns was determined as the number of blocks from the BLAST-like alignment tool (BLAT; Kent, 2002) search of the coding sequence against the genomic sequence of each gene. The chromosomal coordinates and 3 0 downstream region are automatically retrieved through CTT annotation.
Detection of duplication mechanisms
In total, 18 WGD events and the corresponding approximate age were retrieved from the literature (Vanneste et al., 2014; Li et al., 2016) . According to their age, WGDs were divided into three categories: ancient (Cretaceous); K-Pg (Cretaceous-Paleogene) boundary; and recent WGDs (Table S3 ). To determine the WGD event of a ubiquiton gene, its intergenomic syntenic blocks in other genomes were retrieved from PGDD (Lee et al., 2017) and the WGD event, which resulted in the oldest syntenic block pair selected as the time when a ubiquiton gene was duplicated. Tandem genes were determined when two genes from the same subfamily were separated by 10 or fewer genes located within 300 kb.
Calculation of K a /K s and K s values
As a result of recent gene duplications, some ubiquiton genes are not divergent enough to calculate a valid K s value (the number of synonymous substitutions per synonymous site). To ensure sufficient divergence among sequences, we compared a ubiquiton gene with its most recent common ancestor sequence, calculated using PAMP in PAML 4 (Yang, 2007) , by comparing the target sequence with its two best homologs as described previously (Torrents et al., 2003; . Both K a /K s (where K a is the number of non-synonymous substitutions per non-synonymous site) and K s values of each ubiquiton gene were calculated using the pairwise model of CODEML in PAML 4 (Yang, 2007) .
Plasmid construction and plant transformation
The coding sequence of the third Ub moiety in AtUBQ11 was PCR amplified and cloned into the NdeI-BamHI sites of pET28 expression vector (Novagen, now MilliporeSigma, http://www.emdmilli pore.com). The resulting HTU coding sequence was ligated headto-tail six times to produce a fusion of (HTU) 6 , which was further attached to the end of the 1-kb promoter of AthUBQ10 or a 2.5-kb promoter of OsaUBQ2, as described previously (Norris et al., 1993; Wang and Oard, 2003; Saracco et al., 2009) . The full expression cassette was inserted into the EcoRI-XbaI sites of a plant transformation binary vector pFGC5941 (Kerschen et al., 2004) and then transformed into the Arabidopsis Col-0 accession using the floral-dip method (Clough and Bent, 1998) .
Immunoblotting analysis
When the seedlings were 3 weeks old, one or two open rosette leaves were harvested in a 2-mL tube from each individual T 1 plant and quickly frozen in liquid nitrogen. After grinding, total leaf protein was directly extracted in double-strength SDS sample buffer and denatured at 95°C for 6 min. Proteins were then resolved in 8% SDS PAGE (Bio-Rad, http://www.bio-rad.com), transferred onto polyvinylidene difluoride (PVDF) membrane (MilliporeSigma, http://www.emdmillipore.com), and immunoblotted with anti-His (Novagen) or anti-PBA antibodies (Smalle et al., 2002) .
RNA isolation and qPCR
To avoid wound responses resulting from the collection of rosette leaves for protein extraction, total RNA was isolated from the primary inflorescence of individual T 1 plants at 5 weeks old using a NucleoSpin â RNA Midi kit (Macherey-Nagel, http://www.mn-net.c om). In each sample, 1 lg of RNA was used to synthesize cDNA in a SuperScript â III first-strand synthesis system (Invitrogen, now ThermoFisher Scientific, https://www.thermofisher.com) with oligo(dT) 20 primers. The resulting cDNA was then used as a template for qPCR analysis (Bio-Rad) using the primers listed in Table S4 .
Statistical analysis by R
All statistical analyses were performed using in-house R scripts, as described in Methods S1-S4, based on the processed data in Data S1-S4.
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